Accurately measuring the electronic properties of nanowires is a crucial step in the development of novel semiconductor nanowire-based devices. With this in mind, optical pump-terahertz probe (OPTP) spectroscopy is ideally suited to studies of nanowires: it provides non-contact measurement of carrier transport and dynamics at room temperature. OPTP spectroscopy has been used to assess key electrical properties, including carrier lifetime and carrier mobility, of GaAs, InAs and InP nanowires. The measurements revealed that InAs nanowires exhibited the highest mobilities and InP nanowires exhibited the lowest surface recombination velocity.
INTRODUCTION
III-V nanowires, such as GaAs, InAs and InP nanowires, exhibit outstanding potential as nanocomponents for future electronic and optoelectronic devices. A wide variety of nanowire based devices have been demonstrated, including highly efficient solar cells, 1,2 lasers 3 and field-effect transistors for ultrahigh density logic and memory devices. 4 Their unique geometry confers significant advantages over conventional planar heterostructures. If the nanowire diameter is sufficiently small, these structures can exhibit quantum confinement in two directions. Their high surface area to volume ratio makes nanowires ideal for sensing applications. Device architectures of vertical-standing nanowires will allow ultrahigh device density integration onto a single chip. Nanowires can be designed with axial and radial heterojunctions and homojunctions, not possible with conventional planar designs, and this greatly expands the range of device possibilities. Furthermore, nanowires can be grown epitaxially on Si without antiphase defects or misfit dislocations, which will enable monolithic integration of III-V nanowire optoelectronic devices with established Si microelectronics technology.
A crucial step in the development of these novel nanowire-based devices is the accurate measurement of nanowire electronic properties. Unfortunately, measuring nanowire electrical properties using traditional contact-based techniques is challenging: forming electrical contacts to nanoscale structures is technically difficult and introduces artifacts. 6 To avoid these problems, non-contact probes of nanowire conductivity are sought. Optical pump-terahertz probe (OPTP) spectroscopy is one such non-contact probe, and is sensitive to carrier transport and dynamics at room temperature. It is therefore ideally suited to studies of nanowires. Recent OPTP studies of Si, Ge and III-V nanowires are evidence of the strength of this technique. [7] [8] [9] [10] [11] [12] The electrical properties of GaAs, InAs and InP nanowires have been measured using OPTP spectroscopy. This allowed measurement of carrier mobility, carrier lifetime, surface recombination velocity and doping concentration. InAs nanowires exhibited the highest electron mobilities above 5000 cm 2 V -1 s -1 . 13 InP nanowires exhibited the longest photoconductivity lifetimes and an extremely low surface recombination velocity. 11 GaAs nanowires exhibited the shortest photoconductivity lifetimes of less than 5 ps, and the highest surface recombination velocity. 
EXPERIMENTAL DETAILS

Nanowire growth
The development of III-V nanowire-based devices depends on the ability to fabricate nanowires with tight control over nanowire properties. The most common, and arguably the most promising growth technique is MOCVD using Au nanoparticles to drive nanowire growth. The Au nanoparticles collect reaction species and drive highly anisotropic nanowire growth at the nanoparticle-nanowire interface, as illustrated in Figure 1 . This approach offers high flexibility and accuracy in nanowire design and is readily scalable for industrial mass fabrication. It achieves epitaxial nanowires that are free standing on the growth substrate and it offers a number of growth parameters which can be tailored for optimum nanowire growth, 14 including temperature, V/III ratio and the absolute flow rates of group III and group V precursor species. For example, by choosing appropriate growth parameters, nanowire crystal structure can be tuned between zinc-blende and wurtzite, 15 or their charge carrier lifetime and mobility can be enhanced 10 .
In this study, growths were performed in an AIXTRON 200/4 horizontal flow MOCVD reactor with H 2 carrier gas at a total gas flow rate of 15 slm and a pressure of 100 mbar. The group III precursors were TMGa, TMIn and TMAl, and the group V precursors were AsH 3 and PH 3 . The nanowires were grown on epi-ready (111)B oriented GaAs, InAs and InP substrates, with substrate material chosen to be the same as the nanowire material, for example GaAs nanowires were grown on GaAs (111)B substrates.
Before growth, the substrates were functionalised with 0.1% poly-L-lysine solution and then treated with a solution of colloidal Au nanoparticles of a particular diameter (20, 30, 50 or 80 nm). Prior to growth initiation the substrate was annealed under group V pressure to desorb surface contaminants. GaAs nanowires were grown using a two-temperature procedure as published previously. 16 InAs nanowires were grown at 400°C and a V/III ratio of 46 to yield zinc-blende crystal structure. 15 For InP nanowires, growth was performed at 420 °C for 20 minutes using TMIn and PH 3 precursors with a V/III ratio of 700. 17 Field-emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) were used to determine nanowire morphology and crystal structure, respectively. FESEM was carried out using a Hitachi S4300 at an accelerating voltage of 5 kV. For TEM investigations, nanowires were mechanically transferred to holey carbon grids and TEM was performed using a Phillips CM300 operated at 300 kV. Photoluminescence (PL), time-resolved photoluminescence (TRPL) and terahertz conductivity spectroscopy were used to examine the charge carrier dynamics and transport in these nanowires. Experimental details for PL and TRPL are described elsewhere. Figure 1 . Stages of nanowire growth by the vapour-liquid-solid growth mechanism. Au nanoparticles drive nanowire growth. Group III (Ga and In) and Group V (As and P) species are supplied from the vapour phase. At growth temperature the nanoparticle forms a eutectic liquid alloy with the group III species. The III-V crystal grows at the interface between the nanoparticle and the underlying semiconductor. Thus, the Au nanoparticle drives highly anisotropic nanowire growth. The process is termed the vapour-liquid-solid mechanism because it involves vapour, liquid and solid phases: vapour phase precursors, a eutectic liquid alloy nanoparticle, and a solid nanowire.
Terahertz time-domain spectroscopy
After growth, nanowires were transferred to z-cut quartz by rubbing the as-grown substrates against the quartz substrates. The quartz substrates are suitable as they are highly transparent to THz radiation and do not exhibit any photoconductivity response.
Terahertz generation, photoexcitation of the sample, and terahertz detection were all performed using an amplified Ti:Sapphire laser generating 35 fs pulses centred at 800 nm at a 5 kHz repetition rate and 4 W average power. Each laser pulse was split into three paths: (i) 200 mJ/pulse was used to generate the THz probe pulse via optical rectification in a 2 mm GaP crystal, (ii) 1.6 mJ/pulse was used as a gate for electro-optic detection of the transmitted THz pulse with a 200 mm GaP crystal, and (iii) the remainder was used as the optical pump to photoexcite the sample. The optical pump beam was attenuated using neutral density filters to produce sample photoexcitation fluences between 1 and 160 mJ/cm 2 . At the sample position, the optical pump beamwidth had a full width at half maximum (FWHM) of 13 mm, whereas the THz probe FWHM was only 1.3 mm. Consequently, the terahertz probe measured an area of approximately constant photoexcited carrier density. The THz electric field, E, was detected using a balanced photodiode circuit connected to a lock-in amplifier referenced to a 2.5 kHz chopper in the THz generation beam. A second lock-in amplifier was used to detect the photoinduced change in terahertz electric field, ΔE, by referencing to a 125 Hz chopper in the optical pump beam. To investigate the THz spectral response of the material as a function of time after photoexcitation, we varied the delay between the optical pump, terahertz probe and optical gate pulse. The measurements were performed at room temperature. The entire terahertz beam path was kept under vacuum to avoid absorption of the terahertz radiation by atmospheric water vapour.
RESULTS AND DISCUSSION
Photoconductivity decay
Nanowires of different diameters, d, were investigated. Figure 2 (a and b) shows SEM images of InAs nanowires of different diameters. Their photoconductivity decay curves are plotted in Figure 2c . The decay curves were well fitted by single exponential functions with lifetimes τ. As seen in Figure 2c , narrow diameter InAs nanowires exhibit shorter carrier lifetimes than wider diameter nanowires. This is a consequence of surface recombination, which is more significant for narrow diameter nanowires with their higher surface area-to-volume ratios. The photoconductivity lifetime and nanowire diameter are related according to the formula 
where τ v is the lifetime in bulk material and S is the surface recombination velocity. By fitting Equation (1) to the lifetime data, the surface recombination velocity can be extracted, as shown in Figure 2d . The surface recombination velocities of these InAs nanowires was calculated as 3.0×10 3 cm/s. Photoconductivity decay curves were also measured for GaAs and InP nanowires of varying diameters. Using the same process outlined above for InAs nanowires, surface recombination velocities were calculated for GaAs and InP nanowires. 11, 13 GaAs nanowires featured the shortest photoconductivity lifetimes of only 1 to 5 ps, and exhibited the highest surface recombination velocity of 5.4×10 5 cm/s. 13 This suggests their potential for ultrafast electronic switching devices. Furthermore, it indicates that surface passivation is essential to increase carrier lifetimes in GaAs nanowires. 10, 18 In marked contrast, InP nanowires exhibited the longest photoconductivity lifetimes of over 1 ns and the lifetimes showed only a weak dependence on nanowire diameter: nanowires of 50 nm diameter exhibited 1.2 ns lifetimes whereas nanowires of 160 nm diameter exhibited marginally longer lifetimes of 1.4 ns. This is related to the extremely low surface recombination velocity of InP nanowires, which was measured as 170 cm/s. This prolonged photoconductivity and low surface recombination velocity of InP nanowires is promising for many electronic applications which require long carrier lifetimes, including photovoltaics.
Photoconductivity spectra
Photoconductivity spectra of all samples exhibited a pronounced Lorentzian response. An example of this response is shown in Figure 3 for InAs nanowires. The resonant frequency increased with photoexcited carrier density. This type or response is characteristic of localised surface plasmon modes, which typically occur in the terahertz range for semiconductors nanostructures. 13 To these spectra we fitted Lorentzian functions as detailed in previous publications.
11,13
The electron scattering rate, γ, is a fitting parameter, which can readily be converted to electron mobility via γ = μ 
Frequency (THz)
where m e * is the electron effective mass and q is the electronic charge. Thus, the fits allowed extraction of electron mobility for each sample. InAs nanowires exhibited very high electron mobilities of 6000 cm 2 V -1 s -1 . 13 This suggests their potential for high mobility applications such as in field effect transistors. InP nanowires exhibited the lowest electron mobilities of only 200 to 600 cm 2 V -1 s -1 . 11 This value is significantly lower than typical values for bulk InP. This observation, together with modelling, indicates the carrier mobility in InP nanowires is strongly degraded by the high density of crystallographic stacking faults in these nanowires. 11 This points to the importance of engineering InP nanowires with high crystal quality for future device applications. 
CONCLUSIONS
The properties of various III-V nanowires were investigated with OPTP spectroscopy. InAs nanowires exhibited the highest electron mobilities above 5000 cm 2 V -1 s -1 which indicates their suitability for high mobility devices. 13 InP nanowires exhibited the longest photoconductivity lifetimes of over 1 ns and an extremely low surface recombination velocity. 11 This makes InP nanowires promising for applications which require long carrier lifetimes, such as photovoltaics. These findings will guide the choice of nanowires for different applications and enable nanowire growers to optimise material quality for device applications.
